ABSTRACT Harvey murine sarcoma virus (Ha-MuSV) is a mouse-rat recombinant retrovirus that encodes a protein designated p21, required for virally induced transformation. Using a radiolabeled DNA fragment from the p21 coding region, we have detected homologous DNA sequences in the normal DNA of rats and of several other vertebrate species. Moreover, many tested cells from these species contain low levels of a p21 protein that is highly related to viral 21. Now we report two independent fragments from normal rat DNA containing sequences (sarc) homologous to the Ha-MuSV transforming region that were cloned in the bacteriophage vector Charon 4A. Sarc sequences in the one fragment are completely colinear with the viral sequences and share apparently all restriction endonuclease sites. Sarc sequences in the second fragment have several sets of intervening sequences and lack some restriction endonuclease sites found in the viral transforming region. Despite the presence of these intervening sequences in the second sarc fragment, we have been able to ligate this sarc fragment to the long terminal repeat sequence of HaMuSV and to induce cellular transformation and high levels of p21 expression upon transfection of this DNA to NIH 3T3 mouse cells. These results suggest that elevated levels of p21, normally expressed at low levels in a variety of cells, can induce cellular transformation.
Retroviruses can be grouped into two broad classes based upon their biological activities: the nontransforming leukemia or leukosis viruses and the transforming sarcoma or acute leukemia viruses (1) . The molecular biology of the transforming viruses, such as Rous sarcoma virus, Moloney murine sarcoma virus (Mo-MuSV), Abelson murine leukemia virus, and Harvey murine sarcoma virus (Ha-MuSV), has been of special interest because viruses ofthis class enable cellular transformation related to a defined genetic sequence and its gene product(s) to be studied in great detail and under a high degree ofexperimental control. Accordingly, the genetic origin and transforming proteins of these viruses have come under close scrutiny (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Our laboratory has been investigating the molecular biology of Ha-MuSV, a replication-defective retrovirus derived after injection of a mouse leukemia virus into a rat (11) . Similar to sequences in the above-mentioned viruses, the Ha-MuSV src gene sequences are derived from (rat) cellular unique sequences (10) . These viral src sequences encode the transformation-specific p21 protein (12, 13) and the p21 biochemical activities, which specifically use guanine nucleotides (14, 15) . Consistent with the conserved nature of these sequences is the expression ofa related, but distinguishable p21 sarc protein in normal cells from a wide variety of species (16) .
In order to understand better any differences in the structure, biology, and regulation of expression between the viral p21 src and the related cellular p21 sarc protein, we have initiated studies into the structure and function of rat sarc genes. In this report, we describe the molecular cloning oftwo distinct fragments ofrat cellular DNA whose sequences are homologous to the Ha-MuSV src gene. The length ofhomology of each sarc sequence to the viral src sequence is consistent with the size of the Ha-MuSV transforming region, which we have described (10, 17) . One sarc sequence (in clone Ha-MuSV-sarc I) is apparently colinear with the viral src, a result analogous to the viral src and cellular sarc sequences of Mo-MuSV (4). The second sarc sequence (in clone Ha-MuSV-sarc II), despite being interrupted by three sets ofintervening sequences, has the coding information to induce cellular transformation in association with elevated levels of (cellular) p21 expression.
MATERIALS AND METHODS
DNA Biochemistry. These techniques have been described (10, 18, 19) .
Cloning Subgenomic Viral Fragments in pBR322. Procedures for the transformation ofE. coli and the molecular cloning of viral DNA in pBR322 have been described (19) . This technology was utilized to clone the following fragments of HaMuSV DNA.
BS-9. This 0.45-kilobase pair (kbp) cloned portion of the src region has been described (10.) HB-11. After digestion of the full genome-length clone H-1 DNA (10) with BamHI and EcoRI, the 2.3-kbp fragment, of which the entire src region is a subset, was purified by preparative gel electrophoresis before cloning at the BamHI and EcoRI sites of pBR322.
HLTR. The details of the cloning of HLTR, the Ha-MuSV long terminal repeat (LTR) clones, will be presented elsewhere. The LTR represents an amalgam of 5'-and 3'-terminal sequences juxtaposed during circularization of retroviral DNA after infection of cells and reverse transcription (20) (21) (22) (23) (24) , and packaged (25) , and the recombinant phage were screened for sarc sequences (26) .
Heteroduplex Preparation and Electron Microscopy. These techniques were performed as described (17, 27) . DNA molecules used in these analyses include (i) Ha-MuSV clone HB-11; (ii) Ha-MuSV-sarc II clone: 13.5-kbp insert and its 5.4-kbp fragment with BamHI and EcoRI termini, subcloned as described in Results and Discussion; and (iii) Ha-MuSV-sarc I clone: 13-kbp insert and its 2.8-kbp fragment with EcoRI and BamHI termini, subcloned as described in Results and Discussion.
RESULTS AND DISCUSSION Identification of the Rat sarc Sequences. Although similar in principle to that of other transforming retroviruses, the genetic organization of Ha-MuSV is more complex insofar as its 5.4-kilobase (kb) RNA genome is composed ofthree, rather than two, sets of sequences (8) (9) (10) : (i) 0.1 kb at the 5' end and 0.9 kb at the 3' end, derived from the helper-independent virus Moloney murine leukemia virus; (ii) 3.5 kb sequences-highly homologous to a family of greatly reiterated rat genes, which are retroviral-like sequences expressed in many rat cellssometimes referred to as 30S sequences on the basis of the sedimentation coefficient of their RNA transcriptional product (28, 29) ; and (iii) 1.0 kb of src sequences, completely bracketed by 30S sequences, that are required for transformation, encode the transformation-specific p21 protein, and originate from rat cellular sequences, which are highly conserved evolutionarily (10) . As an initial step for investigating rat sarc sequences related to Ha-MuSV, we had defined a viral src probe from this latter set of sequences (10) .
The src probe was employed to detect sarc sequences in Southern blot analysis ofEcoRI-digested rat cellular DNA (Fig.  1 , lane 1). Two major bands (13 and 20 kbp) were detected. In addition, a doublet at 1.7 kbp can be found. The intensity of hybridization of the src probe to this doublet has not been reproducible, ranging from that in Fig. Ito one virtually unnoticeable (data not shown). Therefore, we are unable to determine thus far the precise number (two or more) of rat sarc genes related to Ha-MuSV src. We have hybridized the src probe to Southern blots of EcoRI-digested DNAs from a variety of normal rat cells, including Sprague-Dawley, and consistently have detected the 13-kbp and 20-kbp bands (data not shown).
Cloning of the sarc Sequences from Rat DNA. The src clone was utilized as a probe for cloning sarc sequences from two sources of rat DNA, a partial Hae III-digested genomic library and recombinant phage containing EcoRI-limit-digested fragments of 13 kbp and 20 kbp. A positive clone that was detected among the phage-containing EcoRI-limit-igested fragments contained a 13. 0-kbp DNA insert, henceforth referred to as HaMuSV-sarc I. Restriction digestion of this insert produced a 2.8-kbp fragment, with BamHI and EcoRI termini, which hybridized to the src probe (data not shown). This 2.8-kbp fragment was subcloned in pBR322 and digested byAcc I; a 0.3-kbp fragment (see Fig. 3 Top, map position 0.2-0.5 kbp) that did not hybridize to Ha-MuSV src was purified by preparative gel electrophoresis. This 0.3-kbp fragment detected only the 13-kbp rat EcoRI band (Fig. 1, lane 3) , demonstrating that the Ha- MuSV-sarc I clone represents the 13-kbp band; this relationship is consistent with the derivation ofthis clone by EcoRI limit digestion of rat cellular DNA.
Upon screening the partial HaeIlI-digest library, a clone was isolated, EcoRI digestion ofwhich released three inserts of 13.5 kbp, 2.0 kbp, and 1.5 kbp; only the 13.5-kbp insert contained sequences hybridizing to the src probe. This 13.5-kbp fragment was found to be immediately adjacent to phage sequences in the Charon 4A vector (data not shown), and we assumed that this fragment corresponds to an EcoRI-limit-digestion fragment of more than 13.5 kbp because it was generated by a partial Hae III digestion of rat cellular DNA. Restriction digestion of this insert, henceforth referred to as Ha-MuSV-sarc II, revealed a 5.4-kbp fragment with BamHI and EcoRI termini which hybridized to the src probe (data not shown). This fragment was subcloned in pBR322 and digested with Xba I; a 1.4-kbp fragment (see Fig. 3 Bottom, map position 2.3-3.7 kbp) that did not hybridize to Ha-MuSV src (data not shown) was purified by preparative gel electrophoresis. This 1.4-kbp fragment detected only the 20-kbp rat EcoRI band (Fig. 1, lane 2) , demonstrating that the Ha-MuSV-sarc II clone is derived from the 20-kbp band.
Structural Comparison of Cellular sarc and Viral src. In order to survey the gross structural relationship between the Ha-MuSV src and the cellular sarc sequences, we performed heteroduplex mapping among these DNA molecules (Fig. 2) . A comparison of Ha-MuSV-sarc II (13.5-kbp fragment) with viral src revealed 0.9 kbp of homology interrupted in sarc by three intervening sequences of 0.2, 0.2, and 0.8 kbp (Fig. 2 ac) . In contrast, Ha-MuSV-sarc I (13.0-kbp fragment) and viral src hybridized to an uninterrupted 0.9-kbp homoduplex ( Fig.  2 g-i) . The heteroduplex formed between the two sarc clones (5.4-and 2.8-kbp pBR322 subelones) was consistent with these results: 0.9 kbp of homology interrupted in the Ha-MuSV-sarc II clone by three intervening sequences (Fig. 2 d-f) . These results indicate that sarc genes may contain several or no introns and may be present in more than one copy per haploid genome.
Biochemistry: DeFeo et al. Desiring to achieve a finer comparison ofthe clones, we constructed restriction endonuclease maps of the pBR322 subclones ofboth sarc sequences (Fig. 3) . The colinearity ofthe HaMuSV-sarc I/viral src heteroduplex is strongly reinforced by the total conservation of a series of sites in the 5' half of the homologous sequences (Fig. 3 Top and Middle; Sst II, Bgl I, Sma I, Sac I, HindIII, Pvu II). In contrast, Ha-MuSV-sarc II (Fig. 3 Bottom) has retained in this block of six sites only three sites (Sac I, HindIII, Pvu II) that are clustered in the viral src ( Fig. 3 Middle) ; in addition, Ha-MuSV-sarc II contains a second Pvu II site. The close similarity between Ha-MuSV-sarc I and viral src suggests that src was derived from Ha-MuSV-sarc I.
In this regard, the origin of the Ha-MuSV src sequences would be analogous to that of Mo-MuSV, whose src gene is derived from a colinear cellular sarc gene (4, 30) . It is noteworthy that the heteroduplexes among these molecules revealed no substantial homology between the 30S sequences immediately flanking viral src and sequences bracketing either cellular sarc.
Since Ha-MuSV was formed from three components, these data would suggest that Ha-MuSV arose after at least two recombinational events.
Biological Activity of sarc. In contrast to that of Ha-MuSVsarc I, the structure of Ha-MuSV-sarc II is significantly divergent from viral src. Therefore, we sought biological evidence for its relationship to the Ha-MuSV transforming sequences. Unlike clone H-1 DNA, both Ha-MuSV-sarc II still linked to Charon 4A and the 5.4-kbp EcoRI-BamHI clone of Ha-MuSVsarc II failed to induce foci of transformed NIH 3T3 cells in the DNA transfection assay. It has been reported that the viral LTR, which contains a promoter-like sequence of the same 5'-3' polarity as the viral genome (31), significantly enhances the transformation efficiency of viral src genes (23, 32) . Indeed, clone HB-11, the Ha-MuSV subclone that lacks an LTR, also induces no transformed cell foci. Accordingly, we ligated clone HLTR, the Ha-MuSV LTR with synthetic EcoRI termini, to the EcoRIBamHI subclone of L clone sarc. Transfection of this preparation resulted in a low but significant level of focus formation (Table 1) .
Proc. Natl. Acad. Sci. USA 78 (1981) To confirm the specificity of the focus induction, we tested cell extracts for the presence ofthe transformation-specific viral protein p21. Immunoprecipitation of cell extracts with HaMuSV-specific antiserum detected high levels of p21 in each of three independent foci ( Fig. 4 ; data for two clones are not shown). Therefore, despite the structural differences between Ha-MuSV-sarc II and the viral src,-the ability of this cellular DNA clone to transform cells and to induce p21 expression unambiguously demonstrates its close relationship to the viral src. (33) . Numbers of foci were counted from duplicate dishes and were standardized to micrograms of viral DNA. The data represent the average of two experiments. t H-1 DNA still was residing in pBR322 for the transfection. * HLTR and Ha-MuSV-sarc II were purified free of pBR322 by preparative gel electrophoresis prior to ligation and transfection. § The 13.5-kbp insert still was residing in Charon 4A for the transfection.
EcoRI-BamHI subclone of Ha-MuSV-sarc II. (12, 13) . Ha-MuSV-sarc 1-transformed NIH 3T3 cells (lanes 1 and 2) , uninfected NIH 3T3 cells (lanes 3 and 4), normal rat serum (lanes 1 and 3) , and Ha-MuSV antiserum (lanes 2 and 4) were used. The arrows indicate molecular weight markers: 25,700 (a-chymotrypsinogen) and 18,400 (,B-lactoglobulin).
biochemistry of viral p21 differs qualitatively from that of cellular p21 in terms of its ability to mediate different phenotypes ofcellular transformation. Furthermore, the functional and evolutionary relationship between Ha-MuSV-sarc I and HaMuSV-sarc II remains to be clarified. Ha-MuSV-sarc I may not be expressed in normal cells, as is the case with Mo-MuSV sarc, which also lacks introns (4, 30) . Accordingly, a critical question for us at this juncture is whether the two cellular sarc genes are expressed in different types of normal cells or at varying states of differentiation in the rat. Such studies could enable us to understand better the role, if any, of p21 in normal cells (16) .
We have been able to obtain cell transformation and high level p21 expression with Ha-MuSV-sarc I, using a construction similar in principle to that used for Ha-MuSV-sarc II.
